We consider the supersymmetry breaking effects on typical inflation models with different types of Kähler potential. The critical size of supersymmetrybreaking scale, above which the flatness of the inflaton potential is spoiled, drastically changes model by model. We present the universal description of such effects in terms of a field-dependent scaling factor by which gravitymediated supersymmetry breaking terms are suppressed or enhanced, based on the conformal supergravity framework. Such a description would be useful when we estimate them in constructing supersymmetric models of particle
Introduction
Cosmic inflation [1] is the most promising candidate for a solution to the flatness and horizon problem in the standard cosmology, which also explains the existence of the primordial density fluctuation. Especially, slow-roll inflation models naturally realize the almost scale invariant fluctuation of the curvature, and the predicted spectrum of the fluctuation is tested by the observation of the cosmic microwave background (CMB).
The observational results from Planck satellite [2] show the small tensor-to-scalar ratio r and the spectral tilt n s ∼ 0.96, which can be naturally realized in the Starobinsky model [3] and the Higgs inflation model with a non-minimal coupling between the Higgs boson and the Ricci scalar [4] . On the other hand, the recent discovery of the primordial gravitational wave reported by BICEP2 experiment [5] strictly constrains many inflation models if it is verified by the other experiments. The result implies that the field value of the inflaton during inflation will be much larger than the Planck scale M pl ∼ 2.4×10 18 GeV, e.g. the simple chaotic inflation [6] , and then estimating the effects of Planck-suppressed terms in the scalar potential become more and more important in such a model building.
In supergravity-based inflation models, such Planck-suppressed terms arise through the Kähler potential in general. In most cases, such terms spoil the flatness of the inflaton potential, that is, the so-called η-problem arises. Therefore, it is important to impose certain symmetries to Kähler potential terms which protect the enough flatness of the potential. For example, realization of the chaotic inflation in supergravity [7] requires a shift symmetry for the inflaton multiplet. In Ref. [24] , to realize the single field inflation models in supergravity, more general Kähler potential structures including such as the Heisenberg symmetry are discussed.
The structure of the Kähler potential is also important from the viewpoint of the supersymmetry (SUSY) breaking effects. SUSY should be broken at some scale higher than the electroweak scale. In many cases, it is assumed that SUSY is broken in a hidden sector, and the standard model sector feels its effects mediated by the gauge or Planck suppressed interactions typically. For the later case, the structure of the Kähler potential plays the crucial role to determine the structure of soft supersymmetry breaking terms relevant to the (super)particle phenomenology at a low energy.
It is remarkable that the SUSY breaking effects required at the minimum of the scalar potential (where the present universe resides in) can in general affect the global structure of inflaton potential (the trajectory of inflaton dynamics toward its minimum). In some works (e.g. [9, 10, 23] ), it was discussed that such effects may spoil the flatness of the inflationary trajectory through the Planck suppressed operator, which is mostly related to the structure of the Kähler potential.
In this paper, we will discuss the relation between the SUSY breaking effects at the minimum of the scalar potential and those during the inflation, by focussing on the inflaton Kähler potential. We will notice that the structure of the Kähler potential governs the behavior of terms induced by the SUSY breaking. We will show that the essential properties of such terms can be easily understood from a field-dependent rescaling factor of the physical mass scales based on the conformal supergravity framework [11] .
The remaining of this paper consists of four sections. In Sec. 2, we will discuss the SUSY breaking effects in three inflation models with different types of Kähler potential. Then we will find that the critical size of the SUSY breaking scale, above which the inflationary potential is spoiled, is totally different model by model depending on their Kähler structure. From the conformal supergravity point of view, we illustrate such a difference in terms of the rescaling factor of gravity-mediated SUSY breaking terms in the Einstein frame in Sec. 3. After that, we will focus on the class of models which are compatible with the recent results from the BICEP2 experiment in Sec.4. Finally, we conclude in Sec. 5.
SUSY breaking effects on various inflation models
In this section, we discuss the SUSY breaking effects in three illustrative inflation models which contain different types of Kähler potential. In every model, for comparison, we assume the SUSY breaking sector X with the same superpotential terms,
where W 0 and µ are complex constants in general but we assume they are real for simplicity because these complex phases do not play essential roles in our discussion. Here and hereafter all the mass scales are measured in the unit M pl = 1.
Each of the three inflation models has a different one of the following three types of Kähler potential K = K min , K conf , K shift from each other,
2)
where Φ is a chiral multiplet and J(Φ) is a holomorphic function of Φ. In the Einstein frame, the general supergravity (SUGRA) Lagrangian is given by
where
is the Killing vector of φ I under a gauge group A, and the ellipsis denotes terms including higher-spin fields. Then we find that both the following two types of Kähler potential K min and K shift give a canonical kinetic term for the chiral multiplet Φ contained in each of them.
On the other hand, the general form of the SUGRA Lagrangian in the Jordan frame [12] is given by
where V E is shown in Eq. (2.6) and the so-called frame function Ω is a real function of φ I andφJ. In the case that Ω is related with the Kähler potential K as Ω = −3e
we find a (non-)canonical kinetic term of φ I for K = K conf (for K = K min or K shift ) in this frame. Therefore, each one of the three types of Kähler potential should be called "minimal" in the different context. The first type, K min , and the third one, K shift , will be called minimal forms in the Einstein frame SUGRA, while the second one, K conf , should be referred to as the minimal one in such a sense that it produces a canonical kinetic term in Jordan frame SUGRA. For the purpose of our study, we will employ the D-term hybrid inflation [13] , the universal attractor inflation [14] , and the chaotic inflation [7, 8] , each has the Kähler potential K min , K conf and K shift respectively, and study the SUSY breaking effects on these typical and illustrative inflation models 2 , looking at the difference between them.
Minimal Kähler model
First, we discuss a D-term hybrid inflation [13] with K min . The Kähler potential and superpotntial are given by
where λ is a real constant, S ± are chiral multiplets with the charges q ± = ±1 under a local U(1) symmetry, respectively. As mentioned before, we simply add the following terms to consider the SUSY breaking effects on this model,
where Λ (≪ 1) is a real constant. The supersymmetric mass terms for S + and S − arise in the scalar potential if the VEV of |S ± | is sufficiently large. Taking the condition into account that the cosmological constant vanishes at the minimum, the scalar potential can be expressed by
where χ is a so-called Fayet-Iliopoulos parameter in the D-term of local U(1) gauge multiplet, and
∂ µΦJ KJ ), and therefore even if we choose the Kähler potential as K conf , the kinetic terms of a scalar is not a canonical form exactly. However, as discussed in Ref. [12] , A µ vanishes on the inflationary trajectory in many inflation models, and then the kinetic term of the inflaton becomes a canonical one.
In the later discussion, we discuss such kind of models. 2 The first two inflation models with the original choice of parameters are not favored by the recent observational results if we combine both the data from Planck and BICEP2 experiments. We will discuss the models with/without the different choice of parameters from the original ones, which are compatible with the BICEP2 result in Sec.4. 
When the VEV of |Φ| becomes smaller than |Φ c |, S − obtains the tachyonic mass and the inflation ends. We have to note that even if the SUSY breaking effects exist, the value of |Φ c | is not so altered. After integrating out the heavy modes, we obtain the following effective potential for the inflaton field |Φ|, 19) where the last term is produced by the one-loop effects and Q is a renormalization scale which we choose Q 2 = g 2 χ here. In Fig. 1 , we show the behaviors of the effective potential with various values of W 0 ∼ m 3/2 , where m 3/2 is the gravitino mass. The SUSY breaking scale increases as the parameter W 0 gets larger, and we find from Fig. 1 , at the same time, the scalar potential becomes steeper in the large field region |Φ| log 10
. Therefore we can confirm that a successful inflation can not be realized if the
The conformal model
In this subsection, we analyze the universal attractor inflation with SUSY breaking effects discussed in Ref. [14] . The Kähler potential K and superpotential W are given by 20 )
where ξ, λ are real constants, and Φ, S are chiral multiplets. The inflaton field in this model is φ ≡ Re Φ/ √ 2 and the other fields are stabilized at their origin during inflation. For ξ ≫ 1, independently to the choice of the function f (Φ), the spectral tilt of scalar perturbation n s and tensor-to-scalar ratio r in this model are universally attracted to
respectively, where N * is the number of the e-foldings before the inflation end. It is remarkable that this attractor point of (n s , r) is the central value of the Planck results [2] . We consider the SUSY breaking effects on this model by adding the following terms in Ω = −3e −K/3 and W ,
The scalar component of Goldstino multiplet X (sGoldstino) can be stabilized at around its origin if the constant Λ is much smaller than 1, as in the case of Sec. 2.1. Then, the effective potential during inflation V eff is obtained as
By requiring the condition for the vanishing cosmological constant at the minimum V eff (φ min ) = 0 with φ min ∼ 0, the parameter µ is written by the other ones and then V eff is written as For f (φ) = φ, we show the behaviors of the potential with various SUSY breaking scales in Fig. 2 . In contrast to the case of the minimal Kähler model in Sec.2.1, it is remarkable that the deformation of scalar potential is negligibly small even when SUSY breaking scale becomes large. This fact can be easily understood from the arguments in Sec. 3.
The minimal Kähler model with a shift symmetry
We now discuss the chaotic inflation with an F-term potential [7, 8] . In this model, the Kähler potential is given by K shift , which is invariant under the following transformation,
where c is a real constant. The superpotential is given by
where m is a real constant and S is a chiral multiplet. In general, the scalar component of S plays the role of the sGoldstino during inflation, and a quartic term |S| 4 is necessary in the Kähler potential to stabilize S during inflation. Therefore, the chaotic inflation in supergravity can be realized with the following Kähler potential,
and the superpotential (2.31), where ζ is a real constant. As in the other models discussed so far, we add the SUSY breaking sector which has the following Kähler and superpotential,
When the coefficient of the quartic term ζ and 1/Λ 2 are sufficiently large, the field values of S and X become small during inflation. Then the scalar potential can be expanded with respect to S and X. Therefore we take into account the terms up to O(|S| 2 , |X| 2 , ...) in the following analysis, and the scalar potential is represented by By integrating out the heavy modes S and X, we obtain the effective potential during inflation,
where we define real fields σ and φ by Φ = (σ + iφ)/ √ 2. We notice that only the real part σ is affected by the SUSY breaking effect. This is a consequence of the shift symmetry in the Kähler potential (2.32), and then the inflaton φ is not affected by SUSY breaking terms. After integrating out σ, we obtain the usual chaotic inflation potential
In this type of models, SUSY breaking effects do not affect the inflationary trajectory even if the SUSY breaking is larger than the Hubble scale. 4 
The effective suppression scale of SUSY breaking terms
In this section, we interpret the behavior of inflaton potential terms induced by the SUSY breaking, especially their response to a change of the magnitude of SUSY breaking from the conformal supergravity point of view. The application of conformal supergravity to cosmology was throughly studied in Ref. [16] . The conformal supergravity description is quite useful to understand the effects of underlying symmetries on cosmology as well as particle physics in supergravity models [17] . Furthermore, the transformations between different cosmological frames, e.g., the Einstein and the Jordan frames, are easily performed with such a description.
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As shown in Appendix. A, the structure of the F-term scalar potential is changed depending on the gauge fixing condition of the superconformal symmetry. All the dimensionfull quantities in the chiral matter action (A.1) are related to the field value of the chiral compensator S 0 , which is fixed by the dilatation gauge condition (A.6), that is |S 0 | 2 = −3/Ω = e K/3 in the unit M pl = 1, corresponding to the Einstein frame. After fixing the superconformal symmetry, the compensator multiplet produces the gravitational corrections to the Lagrangian terms of matter fields, especially to the scalar potential, through their couplings with S 0 and the F-term of compensatorF S 0 in Eq. (A.4), those disappear in the decoupling limit of gravity (i.e., the global SUSY limit). Here we call the SUSY breaking terms induced byF S 0 "pure" gravity-mediated ones. On the other hand, there also exist terms involving the F-term itself of chiral multiplet X in the SUSY breaking sector, which also deform the scalar potential thorough the interaction with 4 We do not include the back reaction from the VEVs of the scalars other than the inflaton because they become small if the quartic couplings in the Kähler potential are sufficiently large. Otherwise, our statement will be changed. Recently the effects of the back reaction are studied in Ref. [23] by W. Buchmuller et al, and their results confirm our statements. 5 Recently, inflationary potential in supergravity was reconsidered in terms of the Jordan frame quantities in Ref. [19] based on conformal supergravity. the compensator. The latter terms are not called "pure" gravity-mediated ones in our terminology.
Let us reconsider the SUSY breaking effects on the inflationary potential discussed in Sec.2, those are represented by the potential terms proportional to W 2 0 in our setup. The effective potential of the D-term inflation (2.19) in the minimal Kähler model can be rewritten with the dilatation gauge fixing Ω = −3/|S 0 | 2 as,
We notice that the second term in Eq. (3.1) proportional to the factor Ω −3 is the "pure" gravity-mediated SUSY breaking term. The first and the third terms are originated from the D-term potential and its quantum corrections. They are physically conformal invariant quantities, and then such terms can not couple to the compensator multiplet S 0 directly. Therefore they are not affected by the rescaling factor Ω.
Similarly, the scalar potential in the conformal model (2.29) can also be rewritten with Ω,
The second term in Eq. (3.2) proportional to Ω −2 can be regarded as the SUSY breaking effect induced by the F -term itself of X. It is worth noting that the difference of the power of Ω between the "pure" gravity-mediated term in Eq. (3.1) and the second term in Eq. (3.2) arises because they have essentially different origins from each other as indicated above (see also Appendix A).
Although terms induced by the SUSY breaking are proportional to the negative power of Ω in both the above models, the sensitivities of them to the SUSY breaking scale are drastically different, as shown in Figs. 1 and 2 . To understand such a feature, we have to recognize the functional form of Ω in each model. In the minimal Kähler model, |Ω| = 3 exp(−|Φ| 2 /3) decreases as the field value of |Φ| becomes larger, and therefore the SUSY breaking term is enhanced compared with the other supersymmetric terms in Eq. (3.1). On the other hand, |Ω| = 3(1 + ξf (φ)) in the conformal model increases as the field value of the inflaton φ getting larger. Then the SUSY breaking term is suppressed at the large field value of φ in Eq. (3.2) .
In any case, the field-dependent factor Ω can be interpret as the rescaling factor of the physical dimensionfull quantities of the chiral matter action. We show the simple explanation of Ω playing a role of the rescaling factor in Appendix A, and here we just summarize it. In the conformal supergravity framework, there are no dimensionfull parameters in the action (A.1), and the dimensionful quantities arise after fixing the dilatation symmetry. Then, in the Poincaré supergravity in the Einstein-frame, dimensionfull quantities appear as a consequence of rescaling fields by the dilatation-fixing scale determined as shown in Eq. (A.6). The effects of the rescaling are governed by the factor Ω depending on the couplings of matter fields with the compensator multiplet. Therefore, the gravitymediated supersymmetry breaking terms are suppressed or enhanced by such a rescaling factor. Furthermore, because the F -component itself of chiral compensator can induce SUSY breaking terms in general, especially at the SUSY breaking Minkowski miminum of the supergravity potential, they are distinctive from the other SUSY breaking terms with the different power of Ω in their factors.
We also have to mention the terms which are not suppressed by the rescaling factor. The first and the third term in Eq. (3.1) arise from the gauge interaction which possesses a physical conformal symmetry at the classical level. 6 On the other hand, the first term in Eq. (3.2) is indeed suppressed by the factor O(1/Ω) for a large Ω, however, the suppression is canceled by the same power of Ω in the numerator and such a mechanism leads to the universal attractor behavior [14] , that is a consequence of the special form of Kähler potential (2.3) in this model.
Finally, the chaotic inflation model discussed in Sec. 2.3 does not suffer from the SUSY breaking effects. This fact is by virtue of the shift symmetry responsible for the flatness of (supersymmetric) inflaton potential, which also forbids the existence of the "pure" gravity-mediated SUSY breaking terms of the inflaton. 7 It is remarkable that the shift symmetric structure of the Kähler potential assures that the rescaling factor Ω does not depend on the field shifted by the symmetry transformation. In such a model, it is described as
If the inflaton field is identified as Im Φ, the above mentioned rescaling factor does not decrease or increase even when the field value of inflaton varies. Therefore, the gravitymediated SUSY-breaking effects are not enhanced even if they exist. 8 
Implications from BICEP2 results
Recently, the BICEP2 collaboration reported the non-zero value of tensor-to-scalar ratio r.
Although there is a tension between the results from the BICEP2 and Planck experiments, it is important to discuss the class of models which are compatible with the BICEP2 result. 6 We can also say that the gauge multiplets have their Weyl weight compatible with their canonical dimensions, and therefore they do not interact with the compensator S 0 .
7 The shift symmetric structure generally appears for the axions in string theory, where the axion mass is generated by some non-perturbative superpotential at the leading order. Such a fact is important for, e.g., the realization of multi-natural inflation in supergravity [15] . 8 In our setup, we do not include the couplings between X and Φ, such as c|X| 2 |Φ| 2 in the Kähler potential, which break the shift symmetry. If such a coupling exists, the gravity-mediated scalar mass of inflaton is induced.
Therefore, in this section, we focus on such a class of models and discuss the behavior of the SUSY breaking effects in those models. The observed value of the tensor-to-scalar ratio is r = 0.16
after subtracting the best available estimate for a foreground dust. Such a large tensor-to-scalar ratio can be realized in the models discussed in Sec. 2.2 and 2.3. The usual chaotic inflation discussed in Sec. 2.3 predicts
which is compatible with the observed value (4.1).
The model discussed in Sec. 2.2 can realize the similar value to Eq. (4.1) if the constant ξ is much smaller than 1, because a shift-symmetry for the inflaton φ is restored in the limit of ξ → 0. With a small but non-zero ξ, the inflaton potential is affected by the SUSY breaking effects through the small shift symmetry breaking term in the Kähler potential. In Fig. 3 , we show the scalar potential with the SUSY breaking effects in the case of ξ ≪ 1. We recognize that the SUSY breaking effects change the shape of inflaton potential in this case. In the case of ξ > 1 which predicts the almost vanishing r, the SUSY breaking effects are sufficiently suppressed and the scalar potential is not affected even if the SUSY breaking scale is comparable with the Hubble scale during the inflation. However, in the former case with ξ ≪ 1 required by BICEP2, the absolute value of Ω discussed in the previous section does not become large enough during the inflation, which makes the inflaton potential more sensitive to the SUSY breaking than the case of ξ > 1.
9
Even in the model with K shift studied in Sec. 2.3, a similar deformation of the potential can occur in the case that its shift symmetry is broken. 
Conclusion
In this paper, we have discussed the SUSY breaking effects on typical inflation mechanisms. As shown in Sec. 2, the model with K min is susceptible to the SUSY breaking effects, while the models with K conf and K shift are not so.
Such a difference can be easily understood by noticing the field-dependent rescaling factor of the gravity-mediated SUSY breaking terms based on the conformal supergravity framework. In both of the latter two models, the terms induced by the SUSY breaking are suppressed by the rescaling factor Ω = −3 exp(−K/3). During the inflationary era, |Ω| = 3 exp(−K/3) is small with K min , while it becomes large (totally unchanged) with K conf (K shift ), that is the essential difference between these typical inflation models. As discussed in Sec. 3, the physical dimensionful parameters are rescaled by the compensator, accompanied by the field-dependent factor Ω, and the behavior of the SUSY breaking terms is governed by the structure of the rescaling factor in the Einstein frame.
In the same way, we can understand that the so-called η problem in the large field regime is caused by the enhancement of the terms due to the rescaling factor.
11 Understanding in this manner would be useful to construct the models of inflation and particle cosmology. For example, the recent result from BICEP2 supports the inflation mechanisms with a large field value of inflaton, such as the chaotic inflation. In the supergravity framework, such large-field models lead to a decreasing or increasing |Ω| in general, which spoils the flatness of the inflaton potential when the SUSY breaking is incorporated. Then, certain symmetries of the Kähler potential terms restricting the structure of Ω will be important to avoid such a problem. As we have shown, for example, the shift symmetry in the chaotic inflation in supergravity plays essential roles to ensure the flatness of scalar potential even with the SUSY breaking, because the symmetry forbids the decreasing feature of the factor Ω and restricts the deformation of the potential caused by SUSY breaking effects. Therefore, it would be important to seek the origin of such a symmetry in some UV completions of these inflation models.
A A general description of F-term potential with conformal supergravity
We briefly review the structure of the F-term scalar potential in terms of the conformal supergravity. 12 Here, we explicitly denote the Planck scale M pl to clarify mass dimensions of each quantities. In the framework of N = 1 conformal supergravity with the spacetimedimension four, an unphysical multiplet is introduced to fix the extra symmetries for obtaining the Poincaré supergravity, which is called the chiral compensator multiplet denoted by S 0 in this paper. Then the general action for physical chiral multiplets Φ I is written by
where [· · · ] D,F denote the D-and F-term superconformal density formulae, respectively, andΦJ is the Hermitian conjugate of Φ J . The action (A.1) is determined by the Weyl and chiral weights (w, n) assigned to S 0 with (1, 1) and to Φ I with (0, 0), respectively. We have to stress that the action (A.1) does not contain any dimensionfull quantities due to the superconformal symmetry, and therefore, all the components of each superconformal multiplets are dimensionless.
We focus on the F-term potential contained in the action (A.1), that is written as − V F = S 0S0 Ω IJ F IFJ + ΩF S 0FS0 + S 0 ΩJ F S 0FJ + S We can also integrate out F I and its conjugate, and find the following scalar potential V F , 5) where M IJ ≡ Ω IJ − Ω −1 Ω I ΩJ , and M IJ is the inverse of M IJ .
To obtain the Poincaré supergravity action in the Einstein frame, we choose the following gauge-fixing conditions, which fix the extra (dilatation and U (1)) gauge symmetries those are absent in the Poincaré supergravity. Then the conditions can be solve in terms of S 0 andS 0 as follows,
We note that the mass dimension is introduced through these procedure, and also recognize that the canonical mass dimension in the physical theory corresponds to the Weyl weight because the Weyl weight of S 0 corresponds to the mass dimension of the right-hand side of (A. One can easily confirm that the F-term scalar potential (A.9) is equivalent to the expression in Eq. (2.6) with Eq. (A.13).
The Ω dependence of each terms in the conformal model is obvious because Ω is given by the polynomial of the scalar fields. On the other hand, in the minimal Kähler model (3.1),
